Persistence of molecular excitations in metallic fullerides and their role in a possible 
metal to insulator transition at high temperatures 



V. Brouet, H. AUoul 
Laboratoire de Physique des Solides, Universite Paris-Sud, Bat 510 91405 Orsay (France) 



(N 
O 
O 
(N 

< 



o 



> 
0\ 

O 
(N 
O 

• 



o 
o 



X 
J3 



S. Garaj, L. Forro 
Laboratoire des solides semicristallins, IGA-Departement de Physique, 
Ecole Polytechnique Federate de Lausanne, 1015 Lausanne (Switzerland) 
(Dated: February 1, 2008) 

We present ^''C NMR spin-lattice relaxation measurements (1/Ti) in Na2CsC6o and RbaCeo from 
10 to 700 K. The large temperature range of this measurement allow to define unambiguously an 
increase of 1/TiT with increasing temperature, which is anomalous in a simple metallic picture, 
where the Korringa law predicts 1/TiT = est. We attribute this increase to the existence of an 
additional relaxation channel related to singlet-triplet (ST) excitations of Jahn- Teller distorted Cg^ 
and Cgi^. These units are formed within the metal on very short time scales (lO"^** sec) that do not 
imply static charge segregation. We show that the amplitude of the ST component depends directly 
on the density of states, which indicates an interplay between metallic and molecular excitations. 
Such an interaction is also revealed by the high temperature behavior of Na2CsC6o and CsCeo, 
that we then discuss. A divergence between the behaviors of 1/Ti, the NMR shift and the ESR 
susceptibility is interpreted as the result of a rapid increase of the lifetime of the charge carriers, 
signaling a tendency to charge localization. In our analysis, the particular stability of Cgp" is then 
a common feature of all known metallic fullerides and allow to reconcile apparently contradicting 
properties of these systems. 

PACS numbers: 



I. INTRODUCTION 



The properties of strongly correlated materials have 
been in the focus of solid-state research for many years. 
To describe the competition between Coulomb and ki- 
netic energies, the one band Hubbard model is widely 
used. However, many real systems exhibit orbital degen- 
eracy, which adds a degree of freedom that is not always 
taken into account. Fullerides are one such example as 
the lowest unoccupied molecular orbital that forms the 
narrow ti„ conduction band in the solid is triply degener- 
ate. Together with the strong electron-phonon coupling 
characteristic of these materials, this leads to the pos- 
sibility of Jahn- Teller distortions (JTD). Whereas pre- 
dictions for th&,JTD can be done quite accurately for a 
single moleculaJ, their role in the solid is less clear. The 
broadening of the molecular levels should at first sight 
reduce the gain of energy associated to JTD. As it is es- 
timated to be of the same order of magnitude than the 
gap opened by the JTD, the survival of these distortions 
in the solid can be questioned. 

Yet, JTD appear to play a crucial role in many dif- 
ferent fullerides. This paper concludes a serie of three 
papers devoted to NMR studies of different stoichiome- 
trics of alkali fullerides, where we have already seen ev- 
idence for such effects. It is widely believed that JTD 
contribute to turn Na2C6o and A4C60, which should be 
metals in a band picture, into non-magnetie, insulators. 
In our first paper (called hereafter paper M), we have 
presented NMR data supporting this scenario and we re- 
fer the reader to references therein to the various pa- 



pers invoking JTD in the properties of A4C6o- Perhaps 
more surprisingly, they offer the most likely way for ex- 
plaining the unexpected properties of the cubic quenched 
(CQ) phase of CsCgo, the only alkali cubic metallic ful- 
leride phase known so. far besides AaCeo- In this phase, 
we have shown in ref.EI and paper Ilnl that the electronic 
properties are inhomogeneous on the local scale because 
spin-singlets are trapped on about 10% of the Ceo balls. 
We believe that these singlets are stabilized by a JTD 
of the Ceo ball which is energetically more favorable for 
Cgo than CgQ. 

More generally, a simplified view of the effect of JTD 
on the ti„ band as a function of its filling is sketched 
on Fig. § The gain of energy obtained from the JTD is 
found to be always larger for evenly charged Ceo- Then, 
JTD could induce attractive interactions for odd stoi- 
chiometrics in order to promote the formation of the more 
stable CgQ~ (hence, the presence of spin-singlet in CQ 
CsCgo), whereas for even stoichiometrics, they would in- 
duce repulsive interactions and favor localization (hence, 
the insulating Na2Ceo and A4C60). This suggests an ele- 
gant way for rationalizina-tiic different properties of even 
and odd stoichiometriead'Ella and the purpose of this pa- 
per is to determine to what extent this framework could 
be relevant for A3 Ceo, extending ideas already presented 
in for the case of Na2CsC6ol3. 

Despite the possible survival of these unusual molec- 
ular properties in the solid, there is a general consensus 
that the electronic properties of A3 Ceo can be under- 
stood in a rather conventional way, both for the metallic 
and superconducting statesO. In the first part of this 
paper, we show that there are however in AaCeo devi- 
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FIG. 1: Schematic representation of the splitting of the ti„ 
levels as a function of the Csriigharge induced by Jahn-Teler 
distortions (adapted from ref.ciLl). Only the most stable JTD 
is represented. 



ations with respect to the conventional metalhc NMR 
behavior, that we attribute to an enhanced stability of 
CgQ and CgQ . The consequences of the formation of such 
"pairs" on the properties of the metal is an interesting 
issue to clarify. For this study, we choose two examples 
of superconducting fuUerides RbaCgo (Tc = 29 K) and 
Na2CsC6o (Tc = 12 K). While the structure of RbaCeo 
is face centered cubic (/cc, space group Fm3m) through 
the whole temperature rangal3, Na2CsC6o undergoes an 
orientational transition from /ce-, to simple cubic (sc, 
space group Pa3) around 300 Kill. In the second part 
of this paper, we study the high temperature properties 
of two metallic fuUerides where G^q have been detected, 
Na2CsC6o and CsCeo- The behavior departs from the 
one of a metal and can be best described by a progres- 
sive localization of the charge carriers with increasing 
temperature. This is likely related to a change of the 
role of the JTD as a function of temperature. However, 
the most important conclusion of this study might be 
that it reveals an overall similar behavior in these two 
compounds, which simplifies greatly the understanding 
of fuUerides by unifying apparently conUicting proper- 
ties. Up to now, CsCgo was thought to be metallic in 
its low temperatui^, phasal3 and insulating in its high 
temperature phaseEj. The connection between these two 
behaviors was not understood, which has forbidden so far 
a comparison with A3 Ceo systems. 



II. DETECTION OF MOLECULAR 
EXCITATIONS THROUGH SPIN-LATTICE 
RELAXATION MEASUREMENTS IN 
SUPERCONDUCTING FULLERIDES 

In this part, we demonstrate that the deviation of 
1/TiT from the simple metallic behavior can be con- 
vincingly attributed to singlet-triplet distortions of JTD 
Cg,^ and Cgo". To establish this, we discard in the first 



part other possible origin for this deviation. In the sec- 
ond part, we give a quantitative analysis of the coexis- 
tence between metallic relaxation and singlet-triplet ex- 
citations, which sets this model on a firm basis. 



A. Origin of the non-Korringa relaxation 

In a metal, the relaxation of nuclear spins is usually 
dominated by their coupling with conduction electrons. 
This leads to a simple dependence of the relaxation rate 
on |tiie density of states n(Ey), known as the Korringa 
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where A is the hyperfinc coupling (in erg) between 
^^C and conduction electrons. One anomaly in the 
NMR behavior of A3C60 is that 1/TiT frequently devi- 
ates from the 1/TiT = est law that one consequently 
expects. An increase of ^^C NMR 1/TiT with in- 
creasing temperatures .has .been reported for nearly all 
A3 Ceo coiTipoundaiSlijOlia, sometimes with moderate 
values i3(L% in Rb3Ceolia) or very large ones (200% in 
Na2CsC6ot-j). To probe these aspects further, we have 
taken data in these two extreme cases in identical ex- 
perimental conditions, with a 7 T applied magnetic field 
and standard saturation recovery pulse sequences, and 
over an extended temperature range. The results are 
presented on Fig. |2| In both compounds, the relaxation 
curves for the NMR magnetization are not exponential 
below 150 K, which causes a priori a problem for defin- 
ing Ti at low temperatures. However, we have shown 
in paper I that the non-exponentiality is small and does 
not change between 10 and 150 K so that it cannot affect 
significantly these results. Moreover, the region below 
150 K is precisely the one where the Korringa law is bet- 
ter obeyed. For the data presented here, Ti has been 
defined below 150 K as the mean value of a double expo- 
nential fit. 

The narrow peak observed at 180 K in Na2CsC6o is 
due to a coupling with slowing down molecular motions, 
as was also observed in the isostructural Na2CeoS- As 
this shows that not only conduction electrons can con- 
tribute to the relaxation in our case, one could wonder 
whether similar peaks could be present (although not well 
resolved) in other temperature ranges or in Rb3C6o. If 
so, could they explain part of the increase of 1/TiT ? 
The large temperature range for the data presented here 
allow to discard such a possibility, because these peaks 
would be symmetric while the increase of 1/TiT is es- 
sentially step-like. We refer the reader to our paper I 
for a detailed discussion of the characteristics of these 
molecular motion peaks. 

From Eq. |l|, some temperature dependence of 1/TiT 
could be expected if n(E/) is not strictly constant as 
expected for a standard Pauli susceptibility. This could 
indeed happen, if there are narrow features in the density 
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FIG. 2: ^^C NMR 1/TiT as a function of the temperature for 
RbsCeo and Na2CsC6o. The thick line (RbsCeo) and thin line 
(Na2CsC6o) are fits to the Eq. |^ of the text. The parameters 
are displayed in Table 1. 



of states near the Fermi level. Those could be progres- 
sively disclosed as thermal expansion increases the lattice 
constant with increasing temperature. Because they are 
molecular solids, bound by weak Van der Waals interac- 
tions, fuUerides are actually very compressible materials 
and the temperature dependence of n(E/) must be seri- 
ously considered. Some studies have concluded that it is 
sufficient to explaiH--jthe observed increase of 1/TiT for 
certain compoundsta. An obvious test to determine if 
the increase of 1/TiT is due to such an effect is to plot 
1/TiT. together with x^, as we have done for Na2CsC6o 
in ref.cl. We have found that the temperature dependence 
of is much too small to explain that of 1/TiT, so that 
the deviation must be due, at least in this case, to the 
presence of an additional relaxation channel. 

We want to reinforce this conclusion here by tak- 
ing advantage of the comparison between Na2CsC6o and 
RbaCgo, over the large temperature range of the present 
experiments. The accuracy of the data presented on 
Fig. 1^ at low temperature establishes that the increase is 
not regular. While 1/TiT is quite remarkably constant 
below 100 K (NaaCsCeo) or 150 K (RbsCgo), it then 
increases up to room temperature, where it decreases 
(Na2CsC6o) or saturates (RbsCgo). The lattice contrac- 
tion on the other hand is expected to follow a smooth 
temperature dependence defined by the compressibil- 
ity of the materials. Furthermore, the compressibility 
of sc and fee phases are known to be quite similarll3, 
so that the slightly different structure in the two com- 
pounds cannot explain such a difference. The thermal 
compressibility measured in RbsCgo (k = d(hia)/dT = 
3.10^^ K^^E3) corresponds to an increase of the lattice 
parameter a by 0.16 A between 10 and 400 K, itery close 
from the one measured in Na2CsC6o (0.14 AO). One 
could argue that even though the temperature depen- 
dence of a is the same, n(Ej^) might display ouite dif- 
ferent variations with a in se or fee material£l. This 



idea has been proposed to explain the different variation 
of Tc with a in Na2AC6o (sc) or AaCgo (fee) materials 
(with A = K, Rb, Cs) because it is generally assumed 
that Tc depends on n(Ey) in a straightforward way ac- 
cording to BCS theory. However, the variation of Tc 
with ni£ssure was later found the same in fee and se 
phase£3, so that the different variation of Tc is not re- 
lated to n(E/) but to an alkali effect. The comparison 
between Na2CsC6o and RbaCgo is then legitimate and 
presents the advantage to cover a large variation in den- 
sity of states. An even more serious drawback with such 
an explanation is that our study evidences a much larger 
increase in Na2CsC6o than in RbaCeo, although a direct 
measurement of the. susceptibility below 300 K shows the 
opposite behavioiS. 

B. Singlet-triplet excitations in A3C60 

In Na2CsC6o, the origin of the increase of 1/TiT was 
suggested by the comparison with Na2C6o, which exhibits 
a very similar xelaxation behavior at high T despite it is 
insulating (seeB or Fig. 0). In this latter compound, the 
relaxation is due to singlet-triplet transitions between dif- 
ferent JTD of a Cqq . Theoretical calculations have shown 
that for an isolated Cg,^, a JTD with a triplet ground 
state lies above the singlet JTD represented in Fig. |l| 
by Ea=14jD meV, so that triplet states can be thermally 
populatedo. Therefore, we have suggested that singlet- 
triplet excitations persist in Na2CsCeo because Cqq and 
Cqq are formed there on very short time scales (about 
10~^^ sec), which creates an additional relaxation chan- 
nel explaining the increase of 1/TiT at high tempera- 
ture. We now investigate if such an explanation could 
describe the evolution of the relaxation behavior between 
Na2CsC6o and RbsCeo- 

The data led us to suggest that the relaxation can 
be divided between two relaxation channels, a metal- 
lic Korringa-like channel and a molecular channel cor- 
responding to localized singlet-triplet excitations. For 
this latter term, we assume that the imaginary part of 
the susceptibility, the quantity measured by 1/Ti at the 
nuclear Larmor frequency (80 MHz for ^"^C in this mea- 
surement), can be described by a Lorentzian with a width 
1/t, where t is a lifetime characterizing the electronic 
excitations. This is is a usual assumption for localized 
magnetic moments, which yields for small lu, 1/Ti cx xr, 
where x is the static paramagnetic susceptibility of the 
localized momento. This leads to the following expres- 
sion. 




where Tgt is the characteristic lifetime of a triplet state 
and Xst activated susceptibility describing the popu- 
lation of triplet states. The separation between the two 
terms is quite arbitrary, as the same electrons participate 
to both terms. Such a phenomenological decomposition 
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FIG. 3: ^^C IsjMR 1/Ti in Rb4C6o for different applied pres- 
sure (from refE3) and Na2C6o- The curves are fitted to Eq. |^ 
with parameters displayed in Table 1. They assume that the 
relaxation is the sum of a linear metallic component and an 
activated molecular one with fixed ratio. 



should nevertheless capture the essential points of the 
physics as long as Tst is shorter than the lifetime Tp of 
a CgQ^ in the metal. Some correlation between the pa- 
rameters describing the "localized" states (like Tst) and 
the extended carriers states (like n(E/)) can be expected 
as a result of this situation. 

A source of inspiration for this correlation is the evolu- 
tion of RbuCgo from an insulator to a metal with applied 
pressureE3. This transition is not sharp, but a linear 
metallic term appears with increasing pressure that co- 
exists with the localized activated one, as replotted on 
Fig. ||. As the metallic term grows, the molecular one 
can still be described by the same model, but the value 
of the gap and Tst have to be reduced. This legitimates 
the assumption of coexisting molecular and. metallic ex- 
citations, which is also observed in Na2C6ocl. We believe 
that this property is actually essential to understand the 
originality of fuUerides, in which molecular features are 
retained because the large electronic correlations forces 
one electron to spend a "long" time on each molecule 
before being transferred to the next. 

The behavior in Rb4C6o tells us that Tst directly de- 
pends on n(E/). This suggests that the triplet states 
are relaxed by conduction electrons. Assuming that the 
triplet state can be treated as a local impurity on the 
timescale of its existence, we can use relaxation laws ob- 
served for localized impurities in_a metal, that are anal- 
ogous to a Korringa-like processcj. 
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where J would be the coupling between the triplet and 
conduction electrons. 

To test this model, which reduces the number of free 
parameters in Eq. 0, we have tried to reproduce the pres- 



sure evolution of the two terms in Rb4C6o. To modelize 
the susceptibility associated with singlet-triplet excita- 
tions, we choose 



Xst 



8fi% exp{-A/T) 
* 2-f3exp(-A/r) 



(4) 



which was found in rjeasonable agreement with the sus- 
ceptibility of Na2C6oa. The coupling J is treated as a 
shared parameter between the three sets of data and the 
best fits are found for J = 10""'^^ erg. Fits using equa- 
tions H, ^ and 1^ with this value for J are shown on Fig. 
They are in fair agreement with the data, which sup- 
ports this model. The density of states and the value of 
the gap used in each case are displayed in Table 1. This 
model can be apphed as well to Na2C6o. Fig. || showg 
that, with a larger gap value already noticed previouslyO 
but keeping the same value for J, the data are also well 
reproduced. 

Does this model also apply to the case of AsCgo ? Eq. 
3 implies that the increase of 1/TiT due to the localized 
term should show up more clearly when n(E^) is small, 
which is in qualitative agreement with the evolution of 
1/TiT between Na2CsC6o and RbsCeo. Remarkably, the 
previous fitting procedure with the same J value gives a 
correct order of magnitude for the increase of 1/TiT in 
both compounds. In this model, the magnitude of the 
high temperature increase of 1/TiT is uniquely fixed by 
its value at low temperature. The best fits displayed on 
Fig. ^ with the parameters given in table 1 show an ex- 
cellent agreement in the case of RbsCgo but is poorer 
for Na2CsC6o. In this latter compound, it seems that a 
different regime is relevant for high temperatures, which 
will be discussed in the next section. Even below 300 
K, the increase of 1/TiT cannot be ascribed to a sin- 
gle gap value. Similar problems were encountered in the 
case of Na2C6o, which led us to suggest in paper 1 that 
the equilibrium between different JTD could be modified 
by changes in details of the structure as a function of 
temperature. 

To check the consistency of our analysis, the triplet 
relaxation time Tst should be compared to the lifetime Tp 
of the CgQ^. This latter time can only be longer that the 
average time spent by one electron in the vicinity of a 
Ceo ball Tm- A lower bound for can be estimated by 
the time required for an electron to travel at the Fermi 
velocity from one ball to the other, Tm~ a / v/ « hn{Ef). 
This is calculated in Table 1 and the comparison with 
Tst deduced from the fits shows that they have similar 
order of magnitude at room temperature, so that this 
analysis is consistent. We note that we have used here 
the susceptibility given by Eq. U, although one could 
assume that only a fraction of it, corresponding to the 
actual concentration of CgQ^ in AaCgo, should be used. 
This would give slightly longer value for Tst- 

Therefore, this simple model gives an overall satisfy- 
ing description of the relaxation behavior in these com- 
pounds. The correlation between the molecular and 
metallic term might however be even more intricate. We 
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7.2 




6 
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T,t (300K) (10-^^ sec) 


35.3 


3.7 


2.6 


21 


3.7 


1.6 



TABLE I: Parameters used in the fits sliown on Fig. 2 and Fig. 3 based on Equation 2, 3 and 4. Xm is deduced from n(E/) and 
Eq. 1 assuming an iiyperfine coupling A=4.10~^° erg. Tfie absolute values of Tst should only be taken as an order of magnitude 
because it is somewhat model dependent but the qualitative variation between diflFerent compounds is meaningful, as well as 
the condition rst< Tm which legitimates the use of this model for the metals. 



have assumed that the JTD Cg,^ can be considered as 
an isolated molecular entity, even if it is restricted to 
a limited timescale. The fact that the gap value is 
not fixed, but tends to decrease with increasing n(Ey) 
in compounds with identical structures like Na2C6o and 
Na2CsC6o, shows explicitely that there is a further corre- 
lation between the two terms. A is not purely a molecu- 
lar value and a more sophisticated description, introduc- 
ing for example a screening of the CgQ~ by conduction 
electrons, would be required to describe completely this 
behavior. 

In addition, we have mainly tried to explain so far 
the increase of 1/TiT which roughly takes place between 
200 and 300 K. At higher temperatures, Eq. ^ predicts 
a decrease of the lifetime of the triplet states as 1/T. 
This could change the balance between the two relax- 
ation channels as a function of temperature. The simple 
estimate that we have used for Tm is also likely to break 
down at high temperature because it requires that the 
mean free path for the electronic motion I is longer than 
a. On the contrary, it is known that very small values 
for the mean free path are deduced from resistivity mea- 
surements for fullerijdfts at high temperature, like 1-2 A 
at 500 K in RbaCeoJ^J. Therefore, we could expect com- 
plications at high temperature, that might reveal, on the 
other hand, valuable information on the charge transport 
in these materials and we turn to this topic in the next 
section. 



III. ARE "METALLIC FULLERIDES" 
METALLIC UP TO HIGH TEMPERATURES ? 

Some anomalies in the high temperature behavior of 
fuUerides have been noticed for a long time. In RbaCgo, 
the photoemission spectrapat high temperature does not 
display a clear Fermi edgecZl. In Na2CsC6o, optical con- 
ductivity measurements indicate a disappearance of the 
Drude-like peak above 300 KE3. All this motivates us 
to investigate the high temperature region in more de- 
tails and we indeed report here two cases, Na2CsC6o 
and CsCgo, where the high temperature behaviors are 
far from that of a simple metal and are even suggestive 
of a localization of the charge carriers. For all the data 



reported here, we have checked that the behavior is fully 
reversible with temperature, ensuring that there is no de- 
terioration of the sample quality and/or stoichiometrie. 

A. NaaCsCeo 

1. progressive localization of the charge carriers inferred 
from 1/Ti behavior 

Fig. H shows that 1/TiT decreases regularly from 300 
to 700 K in the fee phase of Na2CsC6o. This is anoma- 
lous as among the two terms identified in the relaxation 
so far, the metallic and the singlet-triplet components, 
the first one is expected to yield a constant value and 
the second one an increase of 1/TiT or a slight decrease 
depending on the precise value of the gap (see the fit of 
Fig. 2). In RbsCgo, there might be a similar anomaly 
above 500 K, where 1/TiT is somewhat lower than the 
fitted curve, but this cannot be concluded unambiguously 
within experimental accuracy and in the following we fo- 
cus on Na2CsC6o. 

As the use of 1/TiT might introduce an artificial bias 
by emphasizing the metallic component, we have replot- 
ted on Fig. |, 1/Ti for NMR, together with the re- 
sult from ^^•^s NMR, which displays essentially the same 
temperature dependence, except for the molecular mo- 
tion peak. In our case, the interpretation of these data 
is not straightforward as we do not know how to sepa- 
rate the metallic term from the ST component. Within 
the metallic framework of the Korringa law, a decrease 
of 1/TiT would be assigned to a reduction in the density 
of states signaling the onset of a broad metal to insulator 
transition. If it is a change in the singlet-triplet com- 
ponent, it could be due to modifications of the apparent 
value of the gap as was observed in Na2C6o. To find a way 
out of this problem, a comparison with the ESR suscep- 
tibility shown in the inset of Fig. ^ is helpful. In the 
susceptibility, both the metallic and singlet-triplet terms 
are also present but with different ratios as they arc not 
weighted by the lifetime of the excitations, like 1/Ti is. 
X is dominated at low T by a constant Pauli component 
and then increases up to 350 K, in our opinion mainly 
as a result of singlet-triplet excitations. Like 1/TiT, it 
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FIG. 4: 1/Ti for ^^C and ^^^Cs in Na2CsC6o as a function of 
temperature. For ^^^Cs, the recovery curves are exponential 
through the whole temperature range. Inset : ESR suscep- 
tibility as a function of temperature measured on a sample 
from the same batch. 



is clearly anomalous above room temperature, where it 
starts decreasing sharply. This is very different from the 
behavior of x in Na2C6o, where it keeps increasing at 
high temperature, which tells us that a modification of 
the ST component alone cannot account for this result. 
Above 350 K, we observe a strong divergence in behav- 
ior between x ^^'^ 1/Ti, x falls far below the metallic 
value, whereas 1/TiT is still far above. This can only 
be understood if the lifetime of the excitations diverges 
above room temperature. This reminds of a situation ob- 
served at the traasition between solid and liquid in X2Te3 
(X=In, Ga, Sb)Ej. Upon melting, the increasing disorder 
induces a progressive localization of the charge carriers 
that leads to a decrease of the Pauli susceptibility, due 
to the reduction of the carrier density. At the same time, 
1/TiT is found to increase, as the lifetimes of the excita- 
tions increases rapidly. To account for this effect idF^f)'^ 
in Eq. 2 has been replaced by the authors of reicj, by 
n(E f)Trn,/h, where Tm is now free to deviate from the 
metallic value hn{Ef). In our case, both Tm and/or Tst 
could be responsible for the increase of 1/TiT. However, 
in both cases, we can conclude that there is a progressive 
localization of charge carriers. 



2. nature of the localized charge carriers inferred from the 
static NMR alkali spectra 

If the localization process went as far as to correspond 
to a static charge separation, we could expect to observe 
changes in the NMR spectra as a result of inequivalent 
alkali sites neighboring a different number of CgQ ~ . This 
is the case in CQ CsCeo where a splitting of the Cs spec- 
trum is observed at low temperature, corresponding to 
the localization of 10% Cg,J , as discussed in details in pa- 
per II. In Na2CsC6o, static charge separation can be ruled 
out because ^'^^Cs and ^^Na spectra consists of one fea- 
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FIG. 5: Shift for ^^^Na (part a) and ^^^Cs (part b) in 
Na2CsC6o. The discontinuity at 300 K is due to the struc- 
tural transition from the orientationally ordered sc phase 
(T< 300 K) to the fee one. ^^Na (resp. ^^^^Cs) shifts are 
measured with respect to a diluted NaCl (resp. CsCl) so- 
lution. The lines are comparison with the behavior of the 
susceptibility assuming values of hyperfine shift and chemical 
reference discussed in the text. 



tureless narrow line (with the exception of the Na "T' " 
line). This is consistent with the value given previously 
for Tst which is much shorter than the NMR time scale 
(a few ms corresponding to the inverse width of the spec- 
trum) , so that a motional narrowing of the spectra should 
still take place even if T^t increases by many order of mag- 
nitudes. 

There are however clear anomalies in the alkali NMR 
which are revealed when comparing the shifts K for ^^'^Cs 
and ^^Na lines, presented on Fig. ||, together with the 
ESR susceptibility. A simple scaling between K and x is 
expected, K = a + Ax, where A is the hyperfine coupling 
and a a reference chemical shift. On Fig. ^, it can be seen 
that both nuclei sense an increase of the susceptibility 
between 150 K and 300 K, but they do not reproduce 
similarly the decrease seen by ESR above 300 K. This also 
suggests, although in a puzzling way, that the properties 
of the material are changing above room temperature. 
Let us now discuss quantitatively the behavior of the shift 
for the two nuclei. 

a. ^^NaNMR In the sc phase, we can scale the ^^Na 
shift and the susceptibility, as shown by the line of Fig. ^a 
by using a = —300 ppm and A = 4500 Oe//i_B. It is in- 
teresting to compare these numbers with those found for 
^^Na NMR in paper I for the isostructural Na2C6o, cr=- 
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65 ppm and A= 2300 Oe/^B- The difference for a is 
quite large and not expected as a essentially depends on 
the diamagnetism of the Na"*" filled orbitals which should 
not change much. To avoid this problem, it might be 
more realistic to assume that the hyperfinc coupling to 
the metallic component is smaller than the one to lo- 
calized excitations, maybe because Na moves a little bit 
towards the CgQ or Cg,^, which increases the hyperfine 
coupling for this term. This automatically gives a value 
of a closer to that of Na2C6o, as the shift is dominated 
at low T by the metallic term. 

Through the sc-fcc transition at 310 K, we have ob- 
served in Na2C6o an increase by 30% of the hyperfine cou- 
pling probably associated to the change of structural en- 
vironment of Na (see paper I). This is also clearly present 
in Na2CsC6o- As a guide to the eye, we have plotted the 
variation of K that would be expected for ^^Na NMR 
from the one of x assuming no change for a and a contin- 
uous value for x- This only emphasizes what was imme- 
diately clear, K does not follow the static susceptibility 
at high temperature, it is nearly constant while x drops 
by a factor 2. Relying on the previous findings i) the 
characteristic lifetime of the localized excitations starts 
to increase above 300 K and ii) the hyperfine coupling to 
the localized excitations is particularly strong, we would 
like to conclude that the reason for the different behav- 
ior of K and x at high temperature is due to an increase 
of the hyperfine coupling associated with the progressive 
localization of the carriers. Indeed, we know from CQ- 
CsCeo, studied in paper II, that the coupling can be very 
strong with localized singlets in a metallic environment. 
This enhancement disappears if all the balls are equiva- 
lent and bear a singlet, like in Na2C6o, because Na has 
no reason to move towards a particular ball. 

b. Cs NMR The Cs shift presents a similar be- 
havior but it displays a significant temperature variation 
below 100 K, which does not appear in the ESR data. 
Such a linear temperature dependence of the shift has 
already been, .ohserved in the NMR of various alkali in 
fulleridesElBH. Its origin is not well understood, but 
as it is not related to the electronic susceptibilityE3, it is 
probably of orbital origin and we will include this lin- 
ear variation in the chemical shift a. Choosing a = 
-200 + 0.25 r, as indicated on Fig. | by the dotted line, 
allows to extract an additional increase, clearly present 
between 150K and 300K which scales with the suscepti- 
bility with A= 5000 Oe/^B- As done for ^^Na, we then 
extrapolate the variation of K at high temperatures as- 
suming that (T and x do not change, which requites here a 
reduction of A in the fee phase to 4500 Oe/ fiB^- Here- 
again, there is a significative difference between K and x, 
although less dramatic than for Na. We also observe that 
the scaling between K and x is not lost at the structural 
transition but at somewhat higher temperatures T« 400 
K, making it unlikely that the structural transition could 
be responsible for the change of the electronic properties 
of Na2CsC6o- If the divergence between K and x is to be 
attributed again to an increase of the hyperfine coupling. 



this yields A=6000 Oe/fiB at 650K, which corresponds 
to a 25 % increase from 350 K to 650 K. Such an in- 
crease should also enhance 1/Ti, proportional to A^, by 
a factor 1.5. On Fig. |, we see that ^^^Cs 1/Ti indeed 
increases a little bit more rapidly than ^^G 1/Ti at high 
temperatures. As ^^G cannot move, its hyperfine cou- 
pling can be used as a reference for the "unenhanced" 
value of 1/Ti. This predicts 1/Ti=13 sec"^ instead of 
the observed 1/Ti=17 sec"^, which is close from a fac- 
tor 1.5 and suppotta the idea of an enhancement of the 
hyperfine coupling^J. 

In summary, many anomalies appear above 400 K in 
Na2CsC6o, which gives evidence for a change in the elec- 
tronic properties. Although, the data are conflicting at 
first sight, because different probes measure apparently 
different behaviors, we propose that this can be under- 
stood assuming that we enter an intermediate regime be- 
tween metallic and localized behavior. In this regime, 
1/Ti is dominated by the increase of the lifetime of the 
charge carriers around a particular Cgo ball, which also 
modulates the value of the alkali hyperfine couplings. We 
cannot decide unambiguously whether the charge carri- 
ers are localized as Cg,^ or CgQ~. Both are consistent 
with the 1/Ti measurements. The change in the alkali 
hyperfine coupling somewhat favors CgQ~, as we could 
expect a larger motion of the alkali towards the differ- 
ently charged Cgo • The idea that a motion of the alkali 
ions, especially of the light Na ion, is playing an impor- 
tant role in the high temperature properties of this phase 
was already suggested iriEj. However, we cannot rule out 
that the appearance of a localized charge is sufficient to 
trigger such a motion and modify the alkali hyperfine 
coupling regardless of the charge value. 

Because we have detected in the previous part of this 
paper an important role of JTD in the metallic phase, it 
seems reasonable to associate the progressive localization 
at high temperatures with a conflict between the stabi- 
lization of JTD and the delocalization of the charge car- 
riers. We can for example speculate that the population 
of many different distortions at high temperatures intro- 
duces disorder for the electronic system, which hinders 
the electronic motion. These electrons could then be lo- 
calized as CgQ or CgQ~ depending on the precise balance 
between Coulomb repulsion and Jahn- Teller attraction, 
but, more importantly, this behavior reveals by defect 
that a cooperation is required between JTD and elec- 
tronic motion to obtain the metallic state. This agrees 
with the idea that JTD, at last at low temperatures, help 
the systems with odd stoichiometrics to become metallic 
by stabihzing the CgQ~, which have to be formed as a 
byproduct of electronic jumps. 

B. The high temperature cubic phase of CsCgo 

Another very anomalous high-temperature phase is 
the one of CsCeo- It appears to have a Curie-like 
susceptibilityEa, the ^^^Gs NMR shift also follows a Curie 
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FIG. 6: ^^^Cs NMR shift in the high temperature cubic phase 
of CsCeo (black points), the line is a fit to a Curie law. 
There are two cubic phases in CsCeo , a cubic quenched (CQ) 
metastable phase is stable only for T< 130 K, and a high tem- 
perature one (T>380 K). In these two phases, crosses show 
the behavior of the ESR susceptibility to illustrate the change 
in electronic properties. 



law within experimental accuracy and 1 /Ti is nearly con- 
stant as expected for a paramagnetic insulatoill3. All of 
this was taken as evidence for electronic localization. As 
for NMR, we have checked that this behavior holds up to 
700 K for the ^^SCs shift (see Fig. |) and 1/Ti (see 
Fig. 1^, actually Tj'^ is not really constant but decreases 
by 25 % from 400 K to 700 K). 

Below 350 K, a structural transition takes place to a 
polymerized phase with very different properties. How- 
ever, the cubic phase can be studied at low temperatures 
(below 130 K) by quenching the high temperature^hase 
and it seems to be metallic. A Pauli susceptibilityll3 and 
a Korringa law for ^■^C NMR above 50 KO are observed. 
The behavior of the susceptibility in the two phases are 
reported on Fig. |^ to illustrate this point. The difference 
is very puzzling, as the structure is the same except for 
the orientational order (the CQ phase of CsCeo is sc£3, 
while the high temperature phase is fee). If this struc- 
tural transition were to play a role in the conductivity, 
the high temperature phase, which is structurally equiva- 
lent to metalhc A3 Ceo, should be the more directly com- 
parable to other fullerides, whereas it is this phase that 
displays "anomalous" properties. This distinct behavior 
in the two phases casts doubt on whether 1 electron in 
the ti„ band yields a metallic or insulating behavior. 

On the other hand, it appears now quite similar to 
that of Na2 CsCeo and it seems less difficult to connect 
the properties of the two CsCeo phases. Na2CsCeo also 
resembles a good metal at low temperature and, for some 
properties, particularly the ESR "Curie-like" susceptibil- 
ity, an insulator above 300 K. If the data between 100 
and 300 K were missing for Na2 CsCeo, one would also 
conclude that we are dealing with two entirely different 
phases. We have seen through this paper that including 
singlet-triplet excitations of JTD balls offers a convinc- 
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FIG. 7: Comparison of ^^C NMR 1/Ti in different fullerides 
showing a similar increase up to 300 K that we attribute 
to singlet-triplet excitations. The line connecting the cubic 
quenched (CQ) phase of CsCeo and the high temperature 
(HT) one is a fit to Eq. |^ given in the text. 



ing way to explain this apparent discrepancy, and the 
same could be true for CsCeo. The underlying similarity 
is perhaps best illustrated by looking at the temperature 
dependence of 1/Ti for ^^C in various phases, as we do 
on Fig. 0. In this context, it is tempting to interpret 
the gap between the values of 1/Ti in the CQ phase and 
those of the high temperature phase by an increase due 
to a singlet-triplet component. In CQ CsCeo, just be- 
fore the transition to the dimer phase, we do observe an 
increase of 1/Ti, which might correspond to such a com- 
ponent. Adjusting a fit to Eq. ^ to these points and the 
high temperature value gives the line sketched on Fig. |^. 
This yields a smaller gap A = 50 meV than for the other 
compounds, but this is consistent with the fact that 1/Ti 
decreases at high temperatures. Indeed, Fig. ^ shows a 
systematic relation between the value of the gap and the 
behavior at high temperature: the lower the gap, the 
higher 1/Ti and the smaller (eventually negative) the 
slope of its variation at high temperature. Qualitatively, 
this is not surprising as, with a small gap, the suscepti- 
bility is dominated at high teinperature by the Curie law 
for the triplet states (see Eq. 0). 

Putting these data together then gives a fairly good 
understanding of the CsCeo system. We know from our 
study of CQ CsCeo that JTD are formed at low tem- 
peratures but, presumably because there is no symmetric 
JTD for neutral Ceo , they get localized on a small fraction 
of the Ceo balls, contrary to CgQ^ in superconductors. 
The singlets start to move as the temperature increases 
and the lifetime of a Cqq in the metal decreases exponen- 
tially as shown in paper II. We can speculate that, if it 
were stable, the properties of cubic CsCeo would be very 
similar to those of a metal like Na2CsCeo between 100 K 
and 300 K and would evolve gradually towards an almost 
insulating state at high temperatures, which is the one 
observed above 400 K. 
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IV. CONCLUSION 

To conclude, we have proposed in this paper that the 
metahic character of fuUerides with an odd number of 
electrons per Cgo is driven by the formation of pairs of 
electrons on very short time scales stabilized by Jahn- 
Teller distortions. We argue that the deviation of the 
NMR 1/TiT from the canonical "metallic" Korringa law 
observed in many A3C60 systems can be convincingly 
attributed to the presence of singlet-triplet excitations of 
these electronic pairs. By studying two superconducting 
metals with very different density of states, we evidence 
a dependence of the characteristic time Tst of the triplet 
state for these pairs on n(E/) that makes the detection of 
singlet-triplet excitations easier in compounds with small 
density of states. This explains why the effect has not 
be clearly identified up to now, the molecular excitations 
being masked in the most heavily studied compounds like 
K3C60 and RbaCeo- 

We have then presented new data at high temperatures 
that show a clear evolution of the behavior of the elec- 
tronic properties in at least two compounds Na2CsC6o 
and CsCeo. In the first case, we interpret the breakdown 
of the scaling between various quantities at about 400 K 
as the onset of a progressive localization of the charge 
carriers. We suggest that this localization is due to a 
change of the status of JTD in the metal as the tempera- 
ture increases. The localized charge carriers could either 
be the electronic pairs formed via JTD or independent 
electrons, depending on the precise nature of the high 
temperature evolution. A similar, probably slightly more 
efficient, localization takes place in CsCgo- Although this 
phase was already believed to be insulating, seeing this as 
a metal to insulator transition allow to connect its prop- 
erties to those of the low temperature metallic phase. 
This adds greatly to the understanding of these systems, 
as all metallic phases can now be described within the 
same framework. JTD appear as a key ingredient in this 



behavior, which makes it likely that the difference be- 
tween even and odd stoichiometrics, respectively insulat- 
ing and metallic, is due to the sensitivity of Jahn- Teller 
distortions to the parity of the Ceo charge. As recalled in 
Fig. 1, JTD are always a little bit more stable for even 
parity. 

This work also raise new questions on the nature of 
charge transport in A3 Ceo- If the enhanced lifetime of 
Cg(^ and CgQ is a general feature of A3 Ceo, it is of course 
important to examine their role within the metal. The 
role that we assigned here to Jahn- Teller distortion is 
an example of how electronic properties are coupled to 
phonons and could be a first step towards the concept 
of polarons. However, we do not know how fast the 
JTD can adjust itself to a change of the charge of the 
molecule, produced by jumps of electrons from one ball 
to the other. The idea of a polaron would imply that one 
electron moves with a given JTD. In our case, we could 
as well assume that a JTD is fixed for a given molecule, 
regardless of its charge, which only increases the lifetime 
of favorable JTD Cg,^ configurations (namely n even). 
The lack of experimental knowledge about the time scale 
for the Jahn- Teller distortion, relatively to the motion 
of electrons, makes it difficult to discriminate between 
these possibilities. Nevertheless, some correlation be- 
tween them is required to establish a coherent band-like 
charge transport. This could be destroyed with increas- 
ing temperature resulting in hopping like process. This 
might be what we witness in Na2CsC6o and this bears 
interesting similarities to the metal to insulator transi- 
tion observed at high temperature in manganites with 
ferromagnetic metallic ground states. In these systems 
also strong electronic correlations are coexisting with the 
possibility of JTD of the doubly degenerate Bg orbitals. 
It has been proposed that the occurrence of JTD at high 
temperatures, which forbids hopping in this case, adds to 
the double exchange mechanism to trigger a transition to 
the high temperature insulating phaseEZI. 
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